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Abstract. The release of excessive Zn
2+ from presynaptic boutons into extracellular regions contributes to neuronal apoptotic events, which result in neuronal cell death. However, the mechanisms of Zn
2+
-induced neuronal cell death are still unclear. Therefore, we investigated the dynamics of intracellular Zn
, calcium, and reactive oxygen species in PC12 cells. The addition of Zn 2+ produced cell death in a concentration-and time-dependent manner. 45 Ca 2+ influx occurred just after the treatment with Zn 2+ , although subsequent hydroxyl radical ( • OH) production did not begin until 3 h after Zn 2+ exposure.
• OH production was significantly attenuated in Ca 2+ -free medium or by L-type Ca 2+ channel antagonist treatment, but it was independent of the intracellular Zn 2+ content. Dantrolene treatment had no protective effects against Zn
-induced cell death. Treatment with N-acetyl-L-cysteine blocked
• OH generation and subsequent cell death. These data indicate that Ca 2+ influx and subsequent • OH production are critical events in Zn
Introduction
Zn 2+ is an essential trace element in mammalian cells. Accumulating evidence suggests that Zn 2+ is essential for the functional and structural integrity of cells and that it contributes to a number of important biological processes, including gene expression, DNA synthesis, hormonal storage and release, neurotransmission, and enzymatic catalysis (1 -4) . Furthermore, Zn 2+ is involved in cell proliferation (5) and differentiation (6) processes, and a deficiency of Zn 2+ causes apoptosis in vivo and in vitro (7, 8) . Zn 2+ has been recognized as less toxic than other transition metals (9) . Zn 2+ is believed to be an antioxidant (10) , and it is a potent inhibitor of the apoptosis-related caspase family members (11) . However, evidence is accumulating that excess extracellular Zn 2+ is toxic to central neurons (12, 13) and causes apoptosis (14) . Zn 2+ is the second most abundant metal after iron in the brain (15) .
Most of the Zn 2+ is accumulated in neocortical layers I -III and V, the hippocampus, subiculum, amygdala, thalamus, and striatum (16) , and cytochemical studies have revealed that Zn 2+ is localized to the synaptic boutons (17) and glutamatergic terminals (18) . Zn 2+ is released into the synaptic cleft by hypersynaptic activation (12) , prolonged seizure (19), brain trauma (20) , or by membrane depolarization during cerebral ischemic-reperfusion injury (21) , resulting in the accumulation of Zn 2+ at concentrations of hundreds of micromoles (22) . Excessive extracellular Zn 2+ causes cerebral infarction, followed by mild transient focal ischemia (23) , neuronal cell death (24) , and alteration of the behavior of multiple channels and receptors (25, 26) . These phenomena suggest that a high concentration of Zn 2+ is toxic to the central nervous system. However, the mechanisms of Zn
2+
-induced cell death are still unclear. There is little doubt that Zn 2+ influx is related to neuronal cell death (27) because a blockade of Zn 2+ influx using an extracellular Zn 2+ chelator reduced neuronal cell death in multiple brain regions in rats subjected to transient global ischemia or traumatic brain injury (23, 24) . It has also been reported that an L-type Ca 2+ channel antagonist reduced Zn
-induced cell death and an L-type Ca 2+ channel opener facilitated it (27) , suggesting that 1) the L-type Ca 2+ channel is a candidate for the Zn 2+ influx route and 2) the excess Zn 2+ influx is responsible for neuronal cell death (14, 27) .
On the other hand, it was reported that Zn 2+ treatment produced reactive oxygen species (ROS) (28) and that antioxidants prevented the cell death induced by Zn 2+ (29) . It is generally recognized that ROS generation facilitates the subsequent activation of cellular signaling events, which lead to cell proliferation or cell death (30) .
In addition, ROS induces Ca
2+ channel up-regulation (31). Based on the above studies, it seems that intracellular Ca 2+ levels and induced ROS generation are key factors in Zn
2+
-induced neuronal cell death. However, the relationship between these dications and ROS formation is a matter of debate. Some reports suggest that Zn 2+ and Ca 2+ induce ROS production independently, but others do not. Conventional fluorescence probes have been adopted to measure the intracellular Zn 2+ and Ca
concentrations, but some of these probes interact with both metals to some extent (32) . In addition, the wellknown ROS probe 2',7'-dichlorodihydrofluorescein diacetate (DCFH) is easily autoxidized, resulting in a spontaneous increase in fluorescence upon exposure to light (33) . In order to overcome these problems and to clarify the relationship between these dications and ROS, we adopted atomic absorption for quantitation of the intracellular Zn 2+ content,
45
Ca 2+ for quantitation of the calcium influx, and the ROS-selective fluorescent reagent 2-[6-(4'-amino) phenoxy-3H-xanthen-3-on-9-yl] benzoic acid (APF) for ROS measurement; and by these means, we re-evaluated the Zn
2+
-induced cytotoxicity in undifferentiated PC12 cells.
Materials and Methods

Materials
ZnCl 2 , EDTA, dantrolene, atomic absorption grade nitric acid (69%, d = 1.42), N-acetyl-L-cysteine (NAC), nifedipine, and Hoechst 33258 were purchased from Wako Pure Chemical Industries, Ltd. (Osaka). APF was from Daiichi Pure Chemicals Company, Ltd. (Tokyo). All other chemicals were commercial products of reagent grade.
Cell culture
In this paper, we used undifferentiated rat pheochromocytoma (PC12) cells because PC12 cells have been used for investigations in neurobiology, undifferentiated PC12 cells have L-type Ca 2+ channels (34) , and the presence of nerve growth factor (NGF) is necessary for differentiation of PC12 cells, although it was shown that Zn 2+ alters the conformation and inhibits the biological activity of NGF (35) . PC12 cells were grown in T-75 flasks (Iwaki, Osaka) in RPMI 1640 medium supplemented with 10% (v / v) fetal bovine serum (FBS) and L-glutamine (300 mg / l). The cultures were maintained in a humidified atmosphere containing 5% CO 2 at 37°C until reaching 80% -90% confluence; then, growth was arrested by incubation in serum-free RPMI 1640 medium for 12 h prior to use. All experiments were performed with growth-arrested cells to minimize the basal activity.
Cell viability determination with MTT assay
After PC12 cells had been cultured to 80% -90% confluence in 35-mm collagen-coated dishes, cells were growth-arrested with serum-free RPMI 1640 medium (1 ml) for 12 h. ZnCl 2 was added and incubated for 1, 3, 6, 12, and 24 h. One-hundred microliters of MTT (Wako) solution (5 mg / ml) was added to the medium, and the dishes were incubated in 5% CO 2 at 37°C for 2 h. Following incubation, 1 ml of isopropyl propane containing 0.04 N HCl was added to each dish and pipetted to dissolve the crystals. MTT reduction was evaluated at 550 nm using a spectrophotometer (MTP-32; Corona, Tokyo).
Nuclear morphology -Hoechst 33258 dye
PC12 cells were stained with Hoechst 33258 dye to evaluate apoptosis (36) . PC12 cells were cultured in 35-mm dishes. Growth was arrested using serum-free RPMI 1640 medium for 12 h, and then 100 µM of ZnCl 2 was added and incubated for 6 h. After incubation, cells were washed with PBS and fixed in methanol / acetic acid (3:1) for 5 min. The cells were dried at room temperature, stained with Hoechst 33258 solution (0.05 µg / ml) for 10 min and washed with distilled water. Fluorescence was visualized using a fluorescence microscope (Axioplan2; Carl Zeiss, Oberkochen, Germany).
Measurement of intracellular Zn
2+ accumulation When PC12 cells in 35-mm dishes reached 80% -90% confluence, growth was arrested using serum-free RPMI 1640 medium. In order to measure the intracellular Zn 2+ content, PC12 cells were incubated with 100 µM ZnCl 2 for the periods indicated in the figure legend, then washed 3 times with PBS, and digested with 1.5 ml of 1% Triton X-100. Aliquots (100 µl) were taken for determination of protein content using a BioRad protein assay kit (Bio-Rad, Hercules, CA, USA), and the remaining sample was kept for Zn 2+ analyses, as follows: Briefly, 1.4 ml was transferred to a Teflon container (DV-7; Sanai Kagaku, Nagoya) equipped with an outer casing (PP-25 and PT-25, Sanai Kagaku), mixed with 2.3 ml of atomic absorption grade nitric acid, and heated in a 500 W microwave oven (DR-512, Corona) for 10 min to completely decompose the organic compounds. Reaction samples were dried by heating (150°C) on a hot plate (GN-1200; Yamazen, Tokyo), re-suspended in 0.5 ml of 0.1 M nitric acid, then the Zn 2+ content was measured by a polarized Zeeman atomic absorption spectrophotometer (Z-5710; Hitachi, Tokyo) at 307.6 nm. Calibration curves were obtained by using zinc standard solutions (Wako).
Measurement of 45
Ca
2+ influx into PC12 cells PC12 cells were incubated with serum-free RPMI 1640 medium containing 45 CaCl 2 (4 µCi/ ml) in the presence or absence of test agents for 10, 20, or 30 min at 37°C. After incubation, the medium was discarded and cells were washed 3 times with 1 ml of ice cold PBS. Cells were digested with 1 ml of 1% Triton X-100, then transferred to a test vial containing 3 ml of scintillation cocktail, and radioactivity was determined in a liquid scintillation counter (LSC-703; Aloka, Tokyo). Ca 2+ influx was expressed as cpm of 45 Ca 2+ .
Visualization of intracellular ROS
In order to examine the effect of Zn 2+ on ROS generation, cells were incubated with 100 µM ZnCl 2 for 5 h, then washed with Krebs-Ringer-Hepes (KRH) buffer (136 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl 2 , 1.25 mM MgSO 4 , 20 mM Hepes, pH 7.4) three times; 1 µM APF in KRH buffer was added, and cells were incubated 1 h at 37°C. Fluorescence (Ex. 490 nm and Em. 525 nm) was visualized using a fluorescence microscope (TE2000-U; Nikon, Tokyo). The rate of ROS generation was evaluated by fluorescence intensity, and the average fluorescence intensity in ten different fields of six samples was calculated using NIH Image for comparison.
Statistical analyses
Values presented are the mean ± S.E.M. for five separate experiments. One-way analysis of variance (ANOVA), followed by a Tukey multiple comparison test, was used to determine significance among groups. A value at P<0.05 was considered significant.
Results
Zn
2+
-induced PC12 cell death We first examined whether Zn 2+ treatment affected PC12 cell viability. When PC12 cells were incubated with 50 µM ZnCl 2 for 6 h, cell viability was unchanged. However, increasing the concentration of ZnCl 2 to 100 and 500 µM reduced the cell viability to 47.0 ± 6.3% and 37.2 ± 4.9%, respectively (Fig. 1A) . When the ZnCl 2 concentration was constant (100 µM), viability dropped rapidly after 6 h (41.2 ± 4.2%) and then decreased gradually with time (Fig. 1B) . ZnSO 4 (100 µM) produced the same rate of PC12 cell death as ZnCl 2 (100 µM), indicating that Zn 2+ was the critical molecule in the PC12 cell toxicity (data not shown).
Next, we investigated whether the Zn
-induced PC12 cell death could be attenuated by an L-type Ca 2+ channel antagonist (14, 27) -free medium, and NAC partially attenuated it (76.2 ± 3.8%, 90.5 ± 4.0%, and 85.7 ± 5.7%, respectively), whereas 10 µM dantrolene, a blocker of Ca 2+ release from the endoplasmic reticulum (ER), did not.
To determine the type of cell death induced by Zn 2+ , Hoechst 33258 was applied to detect apoptotic nuclei. As shown in Fig. 3B, 6 -h incubation in 100 µM Zn 2+ facilitated asymmetric chromatin condensation (55.7 ± 2.0%) as compared to control cells (4.1 ± 2.1%). The percentage of apoptotic nuclei was reduced to the basal level (4.7 ± 2.5%) in the presence of 100 µM Ca-EDTA, 20.2 ± 4.3% in 1 µM nifedipine, and 13.2 ± 2.4% in Ca 2+ -free medium. Dantrolene (10 µM), however, did not ameliorate the chromatin condensation rate (52.9 ± 2.1%). 
PC12 cells
In order to determine the intracellular Zn 2+ content, Zn
2+
-selective fluorescence dyes such as 6-methoxy-8-ptoluene sulfonamide quinoline (TSQ), TFLZn, zinquin, newport-green, APTRA-BTC, fura-2, mag-fura-2, and may-fura-5 have been widely used. However, the selectivity of these dyes for Zn 2+ is not sufficient to distinguish it from other divalent cations (38) , and the fluorescence technique is unsuitable for quantitation. Therefore, we adopted direct detection of Zn 2+ by an atomic absorption method to measure the precise Zn 2+ content in cells. When PC12 cells were incubated with 100 µM ZnCl 2 , the intracellular Zn 2+ content accumulated with time (Fig. 4A) . Co-incubation with 1 µM nifedipine and 100 µM ZnCl 2 did not affect the intracellular Zn 2+ content, although 100 µM Ca-EDTA completely inhibited the Zn 2+ incorporation (Fig. 4B ). These results indicate that the L-type Ca 2+ channel was not likely to be a major pathway for Zn 2+ entry in PC12 cells and that Zn 2+ accumulation was not always related to cell survival rates (Fig. 2, nifedipine treatment) .
Zn
2+
-induced Ca 2+ influx into PC12 cells Next, we examined the effect of Zn 2+ on Ca 2+ entry into PC12 cells using a radioisotope method. A Ca
overload induced necrosis and apoptosis in PC12 cells (39) , and a Ca
-free medium attenuated cell death (Fig. 2) . We used 45 
Ca
2+ to determine the influx of extracellular Ca 2+ into cells instead of conventional fluorescent probes because many of the probes designed for calcium, such as fura-2, react not only with Ca (40) . Exposure to 100 µM ZnCl 2 caused 45 Ca 2+ accumulation in a time-dependent manner, and the maximal influx was reached at 20 min after exposure (Fig. 5A) . The Ca 2+ influx was significantly reduced by Ca-EDTA and nifedipine treatment (Fig. 5B) .
Effect of Zn
2+ on production of ROS in PC12 cells It was determined that a Zn 2+ overload generated ROS in mature cortical neuron cultures (41) and differentiated PC12 cells (29) by using the florescent probe DCFH. However, DCFH can react not only with ROS but also with oxidizing species (42), enzymes (43) , and the excitation light (33) . Therefore, we utilized APF, a new fluorescent probe that reacts specifically with hydroxyl radicals (
• OH) and OCl − (33). As shown in Fig. 6 , A and B, ROS generation was enhanced by 100 µM ZnCl 2 in a time-dependent manner, and it reached a maximum at 6 h after treatment. The ZnCl 2 -stimulated ROS production was significantly suppressed to the basal level by 100 µM Ca-EDTA, 1 µM nifedipine, Ca
2+
-free medium, and 1 mM NAC treatments (Fig. 6C) .
Discussion
Although Zn
2+ is present at a high (approximately 150 µM) concentration in plasma, the free concentration is very low (approximately 2 × 10 −10 M) because a large proportion of the Zn 2+ is bound to albumin. However, in conditions such as transient global ischemia during cardiac arrest and resuscitation, Zn 2+ is depleted from presynaptic input fibers and then appears to accumulate in extra-and intracellular spaces, resulting in lethal • OH generation was monitored by APF under different conditions. PC12 cells were treated with 100 µM Ca-EDTA (c), 1 µM nifedipine (d), Ca
2+
-free medium (e), or 1 mM NAC (f) in the presence (b -f) or absence (a) of 100 µM ZnCl2 for 5 h and then loaded with the
• OH-specific probe APF for 1 h.
• OH was detected by fluorescence microscopy as described in Materials and Methods. The upper pictures are bright-field images, and the lower ones depict fluorescent images. B: Time course of
• OH generation by ZnCl2. The fluorescence intensity was calculated as described in Materials and Methods. Values are expressed as the mean ± S.D. for five experiments. *P<0.05, significantly different from the fluorescence intensity at t = 0. C: The percentage of cells displaying high APF fluorescence was decreased by pretreatment with 100 µM Ca-EDTA, 1 µM nifedipine, Ca neuronal injury (21) . These phenomena leave us in no doubt that Zn 2+ is a critical factor in neuronal cell death, but it is still unclear how elevated intracellular Zn 2+ is related to cell death.
As reported elsewhere (12 -14) , we found that 100 µM Zn 2+ caused cell death with chromatin condensation and that the cell death was completely inhibited by the addition of an equimolar amount of Ca-EDTA because Ca-EDTA effectively traps Zn 2+ to form a stable Zn-EDTA complex in extracellular areas (37) , suggesting that free Zn 2+ is responsible for cell toxicity (Figs. 1 -3) . When PC12 cells were incubated with Ca 2+ -free KRH buffer or nifedipine, the cell survival rates (90.5 ± 4.0% and 76.2 ± 3.8%, respectively) were lower than that produced by Ca-EDTA treatment (103.7 ± 4.3%). However, application of an ER Ca 2+ -release inhibitor, dantrolene, did not recover the cell survival (41.2 ± 3.3%) (Fig. 2) -permeable a-amino-3-hydroxyl-5-methyl-4-isoazolepropionic-acid / kainite channels (37) , and cationic channels (45) , may participate in the Zn 2+ influx into PC12 cells.
Because the presence of extracellular Ca 2+ affected the Zn 2+ -induced cell toxicity (Fig. 2) Ca-EDTA (100 µM) and nifedipine (1 µM) significantly suppressed the 45 Ca 2+ influx to the same extent, although the percentages of surviving cells (Fig. 2) (49) , which in turn results in the overproduction of ROS (50) . We have reported that ROS play a role in cell death through the modulation of cell-signaling pathways in PC12 cells (51, 52) . These results suggest a scenario in which Zn 2+ induces an increase in Ca 2+ influx, resulting in the induction of ROS production and subsequent cell death.
Seo et al. observed that Zn 2+ accumulation resulted in the generation of ROS using the fluorescent probe DCFH, and they proposed that ROS-mediated extracellular signaling-regulated kinase (53) activation was partially responsible for Zn
-induced cell death (29) . However, DCFH-derived fluorescence is not limited to interaction with ROS (42, 54) . Therefore, we investigated whether Zn 2+ treatment really stimulates ROS production and whether extracellular Ca 2+ participates in ROS generation in PC12 cells using a
• OH-and OCl − -specific fluorescent probe, APF.
When 10 µM APF was applied to PC12 cells without ZnCl 2 treatment, no fluorescence was observed (Fig. 6A,  control) . However, treatment with 100 µM ZnCl 2 augmented the fluorescence intensity with time ( Fig. 6B) , indicating that Zn 2+ generates • OH in PC12 cells. The
• OH generation induced by Zn 2+ was reduced to the basal level by Ca-EDTA (100 µM), nifedipine (1 µM), and Ca
-free medium treatments (Fig. 6C) , which suggests that both free Zn 2+ and extracellular Ca 2+ are prerequisite for • OH production and that Zn 2+ alone does not produce • OH. We also found that the • OH production was significantly augmented by Zn 2+ stimulation 2 h after treatment and then gradually increased to the end of the experiment (Fig. 6B) . In comparison to the time course of both the 45 Ca 2+ influx (Fig. 5 ) and the intracellular Zn 2+ content (Fig. 4) , elevation of
• OH is thought to be a late event in the present experiment, which may imply that
• OH genera-tion is regulated by Ca 2+ influx into cultured PC12 cells. There are several reports that antioxidants such as tocopherol, ascorbate, tempol, and catechins protect PC12 cells from ROS-induced impairment (55 -58) . Therefore we investigated whether NAC protects PC12 cells from Zn 2+ -induced cell death. As shown in Fig. 2 -derived deficit of energy production (37) and subsequent activation of poly (ADP-ribose) polymerase-1 (PARP-1) (60). Recently, it was reported that Zn 2+ causes mitochondrial dysfunction, resulting in respiratory block, release of cytochrome c, mitochondrial permeability transition, and ROS production in isolated mitochondria (53) . Further cell signaling assays are currently underway to clarify the detailed mechanisms against Zn 2+ -induced toxicity.
